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ABSTRACT
We compute the one-loop renormalization group equations for Standard Model Higgs inflation.
The calculation is done in the Einstein frame, using a covariant formalism for the multi-field
system. All counterterms, and thus the betafunctions, can be extracted from the radiative
corrections to the two-point functions; the calculation of higher n-point functions then serves
as a consistency check of the approach. We find that the theory is renormalizable in the
effective field theory sense in the small, mid and large field regime. In the large field regime
our results differ slightly from those found in the literature, due to a different treatment of
the Goldstone bosons.
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1 Introduction
In Higgs inflation the Higgs field of the Standard Model (SM) is coupled non-minimally to
gravity [1, 2, 3, 4, 5, 6]. Apart from this single non-minimal coupling, no new physics is
needed to describe inflation and the subsequent period of reheating, and the theory seems to
be extremely predictive. However, this presupposes the parameters of the theory at high and
low scale are related by renormalization group (RG) flow. The betafunctions in the low scale
regime are the usual SM ones; in this paper we calculate the RG flow in both the mid field
and the high scale (inflationary) regime.
The idea of using the Higgs as the inflaton is an attractive one, not least because it
allows one to connect collider observables with measurements of the early universe. Since its
inception the model itself has come under a lot of scrutiny and criticism. First, unitarity is
lost at high energies and the perturbative theory can only be trusted for energies below the
unitarity cutoff [7, 8, 9, 10, 11]. Although it is uncertain how to interpret this result as the
cutoff is field dependent (according to [6, 12, 13, 14], all relevant physical scales are always
below the unitarity bound), it is clear that any new physics living at this scale may affect the
inflationary predictions [11, 15]. Second, given the currently measured central values for the
top and Higgs mass, the Higgs potential becomes unstable around 1011 GeV, which would
be disastrous for Higgs inflation. However, the verdict is not yet out, as it only takes 2− 3σ
deviations to push the instability bound all the way to the Planck scale [16, 17, 18, 19, 20, 21]
(in the very recent note [22] absolute stability of the electroweak vacuum is reported to be
excluded by only 1.3 σ).
Even though these claims are still debated, and SM Higgs inflation may still be alive, it
is worth noting that constraints may be avoided in modified set-ups with an extended Higgs
sector. Our results apply for large non-minimal coupling, but apart from that they are equally
applicable to the various implementations of Higgs inflation.
The renormalization group equations (RGEs) in Higgs inflation have been derived by
several groups [4, 5, 23, 24, 25, 26], but they differ in details. The main source of disagreement
comes from the choice of frame, and the treatment of the Higgs sector (Does the Higgs decouple
from all fields? And the Goldstone bosons?). In previous work [27, 28] we have shown that
the Jordan and Einstein frame describe exactly the same physics, and that any difference
stems from an erroneous comparison of quantities defined in different frames. In this work
we will work in the Einstein frame. Although dimensional analysis indicates that some of
the Goldstone boson (GB)-loop corrections are large, and seem to spoil renormalization,
gauge symmetry kicks in leading to cancellations of these large contributions. We find Higgs
inflation is renormalizable in the effective field theory (EFT) sense 1, and for energies below
the unitarity cutoff.
The small-field regime of Higgs inflation is where φ0 ≪ mp/ξ, with φ0 the value of the
background Higgs field, ξ the non-minimal Higgs-gravity coupling which is of order 104 (well
below experimental bounds [29, 30]), and mp the Planck mass. In this regime the theory is
effectively like the SM and therefore renormalizable in the EFT sense. In the large field regime
(φ0 ≫ mp/
√
ξ, corresponding to inflation) the potential has an approximate shift symmetry,
1Higgs inflation is non-renormalizable as the field space metric and potential are non-polynomial. But this
does not exclude that the theory is renormalizable in the EFT sense (as is the case in the IR). Our demands
are that in the large and mid field regime the theory can be expanded in a small parameter δ, and that all
loop corrections can be absorbed in counterterms order by order. Truncating the theory at some finite order
in δ gives a renormalizable EFT with a finite number of counterterms.
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which restricts the form of the loop corrections. As a result, all one-loop corrections can be
absorbed in the parameters of the classical theory, and the EFT is renormalizable. Somewhat
surprisingly, we find the same in the mid-field regime (mp/ξ < φ0 < mp/
√
ξ), even though it
is far away from both an IR fixed point and the region in which the shift symmetry applies.
In [27] we have studied the renormalization of the non-minimally coupled Higgs field in
isolation, without any gauge or fermion fields, and our findings were in line with the literature.
In this work we want to extend this previous analysis to the full SM. At first glance this does
not seem to be problematic. Due to the non-minimal coupling to gravity, the coupling of the
radial Higgs to both gauge field and fermions is suppressed in the large field regime. One can
simply neglect all diagrams with these couplings. For example, loop diagrams with a fermion
or gauge boson loop always dominate over the corresponding diagram with a Higgs loop.
Effectively the Higgs decouples from the theory. However, the situation for the Goldstone
bosons (GBs) is more complex: their coupling to the gauge fields is also suppressed, while the
GB-fermion coupling is not. Upon going to unitary gauge, this corresponds to a coupling of
the fermion to the longitudinal polarization of the gauge fields, and both the transverse and
longitudinal polarizations couple with the usual SM strength to the fermions.
All calculations are performed in the Einstein frame. For a discussion of the equivalence
of Einstein and Jordan frame, see [27, 28]. One of the main complications in the calculation
is that after transforming to the Einstein frame one ends up with non-canonical kinetic terms
for the Higgs and Goldstone field. Due to the nonzero curvature of the field space, it is
impossible to make a field transformation that brings the kinetic terms to their canonical
form. Our approach here is to expand the action around a large classical background value
for the inflaton field, and use the formalism of [31, 32, 33] so that this background expansion
can be done maintaining covariance in the field space metric.
In our calculation we have neglected the time-dependence of the background field, as well
as FLRW corrections and the backreaction from gravity; we argue that these corrections are
at most subleading. (The inclusion of gravity corrections to the Higgs part of the theory has
been addressed, in a covariant way, in [13].) Moreover, we are neglecting higher order kinetic
terms by evaluating the field metric on the background. It would be an interesting but equally
challenging task to develop a framework that can get around this latter limitation.
Our main results are the SM Higgs inflation RGEs in the three regimes, where we in-
cluded only the top-Yukawa coupling yt. We find that Higgs/GB self-interactions and Higgs-
fermion-interactions (but not GB-fermion) can be neglected in the mid and large field regime;
Higgs/GB-gauge interactions decouple in the large field regime. This gives the following
3
betafunctions:
(4π)2βλ = 24λ
2s+A+ (4π)2 · 4λγφ
(4π)2γφ = −s
4
(3g21 + 9g
2
2) + 3y
2
t
(4π)2βg3 = −7g33 ,
(4π)2βg2 = −
(20− s)
6
g32 ,
(4π)2βg1 =
(40 + s)
6
g31
(4π)2βyt =
[
3
2
sy3t −
(
2
3
g21 + 8g
2
3
)
yt
]
+ (4π)2 · γφyt
(4π)2βξ
∣∣
mid,large
= (4π)2 · 2γφξ (1)
with A = (3/8)(2g42 + (g
2
2 + g
2
1)
2)− 6y4t and
s =
{
1, small,
0, mid, large.
(2)
These betafunctions break down at the boundary of the regimes, where the EFT expansion
in a small parameter is no longer valid; this gives additional threshold corrections which we
have not calculated.
All sign conventions used in this paper follow the QFT textbook by Srednicki [35], except
for the sign of the Yukawa interaction terms, which is opposite to Srednicki’s.
2 Higgs inflation
In this section we give a brief overview of Higgs inflation and set our notation.
2.1 Lagrangian
The Jordan frame Lagrangian2 is (using −+++ metric signature)
LJ =
√
−gJ
[
−1
2
m2p
(
1 +
2ξΦ†Φ
m2p
)
R[gJ ] + LJSM
]
, (3)
with
LJSM = −
1
4
(faµν)
2 − 1
4
(F aµν)
2 − 1
4
B2µν − (DµΦ)†(DµΦ)− λ(Φ†Φ− v2/2)2
+ Q¯L(i /D)QL + u¯R(i /D)uR + d¯R(i /D)dR − (ydQ¯L · ΦdR + yuu¯R(iσ2)Φ†QL + h.c), (4)
where QL = (u d)
⊤
L . Further f
a
µν , F
a
µν , Bµν are the SU(3), SU(2) and U(1) field strengths
respectively. The Higgs field is SU(2) complex doublet, which we parameterize
Φ =
1√
2
(
ϕ+
φ0 + ϕ+ iθ3
)
, (5)
2For considerations about initial conditions for Higgs inflation, and the possible inclusion of a R2-term, see
[34]
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with φ0 the classical background, ϕ the Higgs field and ϕ
+ = θ1 + iθ2, θ3 the GBs. The
covariant derivative acts on the Higgs field and fermions as
DµΦ =
(
∂µ − ig2Aaµτa − iYφg1Bµ
)
Φ,
DµQL = (∂µ − ig3faµta − ig2Aaµτa − iYQg1Bµ)QL,
DµuR = (∂µ − ig3faµta − iYug1Bµ)uR, (6)
with τa = σ/2 for the spinor representation. The hypercharges are Yφ = 1/2, YQ = 1/6 and
Yu = 2/3. At leading order, the only fermion that matters to find the running of the SM
couplings is the top quark.
We reach the Einstein frame after a conformal transformation: gEµν = Ω
2gJµν , with
Ω2 =
(
1 +
2ξΦ†Φ
m2p
)
. (7)
The Einstein frame Lagrangian becomes
LE =
√
−gE
[
−1
2
m2pR[g
E ] + LEmat
]
. (8)
We neglect the expansion of the universe, and take a Minkowski metric.
The gauge kinetic terms are conformally invariant. The fermionic kinetic terms can be
made canonical via a rescaling ψE = ψ/Ω3/2; the net effect is then a rescaling of the Yukawa
interaction. All non-trivial effects of the non-minimal coupling are in the Higgs sector.
LEmat = −
1
4
(faµν)
2 − 1
4
(F aµν)
2 − 1
4
B2µν −
1
Ω2
(DµΦ)
†(DµΦ)− 3ξ
2
m2pΩ
4
∂µ(Φ
†Φ)∂µ(Φ†Φ)
+ Q¯EL (i /D)Q
E
L + u¯
E
R(i /D)u
E
R + d¯
E
R(i /D)d
E
R
− λ
Ω4
(Φ†Φ− v2/2)2 − (yd
Ω
Q¯EL · ΦdER +
yu
Ω
u¯ER(iσ
2)Φ†QEL + h.c.) (9)
The Higgs kinetic term is non-minimal. Let φi = {φR = φ0 + ϕ, θi} run over the Higgs field
and Goldstone bosons. Then the metric in field space in component form is
LEmat ⊃ −
1
2
γij∂φi∂φj = −1
2
[
δij
Ω2
+
6ξ2
m2pΩ
4
χiχj
]
∂φi∂φj . (10)
The curvature on field space R[γij] 6= 0 (this point was made, and further generalized, in [36],
and the kinetic terms cannot be diagonalized. At most one can diagonalize the quadratic
kinetic terms at one specific point in field space.
Consider the electroweak sector. For the gauge bosons the kinetic terms remain canonical
in the Einstein frame. As far as the quadratic action is concerned the action for the massive
gauge bosons and Goldstone bosons is simply three times the action of a U(1) theory. To see
this explicitly, consider the Higgs kinetic terms
Lhiggs ⊃ − 1
Ω2
(DµΦ)
†(DµΦ)
= − 1
2Ω2
[
∂µϕ∂
µϕ+
3∑
a=1
(∂µθa∂
µθa − 2gaAaµ(φ∂µθa − θa∂µφ) + g2aφ2AaµAµa) + ...
]
.
(11)
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The gauge boson mass eigenstates are {A1, A2, Z,Aγ} with
Z =
1√
g22 + g
2
1
(g2A3 − g1B), Aγ = 1√
g22 + g
2
1
(g1A3 + g2B), (12)
and couplings
ga =
1
2
×
{
g2, g2,
√
g22 + g
2
1 , 0
}
. (13)
This corresponds to three massive and one massless field. Note that we took the mass eigen-
states as real gauge fields, and used the real and imaginary parts of W+, rather than the
complex states W±.
From now on we will work in the Einstein frame. For convenience we drop the superscript
E, and work in Planck units mp = 1.
2.2 Three regimes
Higgs inflation is non-renormalizable as the field space metric and potential are non-polynomial.
But this does not exclude that the theory is renormalizable in the EFT sense over a limited
field space. Our demands are that in a given field regime the theory can be expanded in a
small parameter δ, and that all loop corrections can be absorbed in counterterms order by
order. Truncating the theory at some finite order in δ gives a renormalizable EFT with a
finite number of counterterms.
Small field regime The small field regime corresponds to δs ≡ ξφ0 ≪ 1. To leading order
in the expansion parameter δs, the Lagrangian reduces to the SM Lagrangian.
Mid field regime The mid field regime corresponds to 1/ξ < φ0 < 1/
√
ξ. In this regime
we rescale ξ → δ−2m ξ and φ0 → δ3/2m φ0, such that both ξφ20 ∝ δm and 1/(ξφ0)2 ∝ δm, and use
δm as our expansion parameter. (We should admit that formally this expansion can only be
trusted in the middle of this regime.)
Large field regime Inflation takes place for field values δl ≡ 1/(ξφ20)≪ 1. The expansion
in δ is equivalent to an expansion in slow-roll parameters, since η = O (δ) and ǫ = O (δ2).
3 Covariant formalism and counterterms
We want to investigate how the loop corrections and counterterms change in the small, mid
and large field regime. For simplicity, we first focus on a U(1) Abelian Higgs model coupled
to a left- and right-handed fermion. The generalization to the full SM Higgs inflation is
postponed till sec. 5.1. This way the effects of the non-minimal coupling can be studied
in a simple set-up, without all intricacies of the chiral SM. Another advantage of the U(1)
model is that gauge invariance and the Ward identities assure that many counterterms are
independent of the gauge choice, which makes it easier to check the calculation.
6
3.1 Lagrangian in covariant fields
This subsection reviews the covariant formalism introduced in [31] and further worked out in
[32, 33]. Given the curvature of field space, it is very convenient to adopt an approach that
maintains the covariance of the equations.
For a U(1) theory with a complex Higgs field and a left- and right-handed Weyl fermion
the Einstein frame matter Lagrangian is
L = −1
4
FµνF
µν − 1
2
γab∂µφ
a∂µφb + iψ¯ /∂ψ − V (φa)− ψ¯F (φa)ψ
− gA(Gθ∂φ−Gφ∂θ)− 1
2
g2A2G+
(
gqLψ¯ /APLψ + gqRψ¯ /APRψ
)
, (14)
with
V (φa) =
λ
4
|φ0 + ϕ+ iθ|4
Ω4
, F (φa) =
y√
2
φ0 + ϕ+ iγ
5θ
Ω
,
Gφ =
φ
Ω2
, Gθ =
θ
Ω2
, G =
(φ2 + θ2)
Ω2
. (15)
Now expand the Lagrangian around the background φa = (φ0(t) + ϕ(x, t), θ(x, t)). The
fluctuation fields δφa = (ϕ, θ) are not in the tangent space at φa0, and therefore do not
transform as a tensor. We are led to introduce the covariant fluctuation Qa = (h, χ), which
is related to δφa via
φa = Qa − 1
2!
ΓabcQ
bQc +
1
3!
(
ΓabeΓ
e
cd − Γabc,d
)
QbQcQd + ... (16)
This is the notation we will use throughout this paper: (ϕ, θ) are the fluctuations of the
original Jordan frame field (with φ0 the classical background field), and (h, χ) are the covariant
fields. Further we define the covariant time derivative
Dt =
dφa
dt
∇a. (17)
Note that in the limit φ˙0 = 0 this reduces to the usual derivative Dt = ∂t.
Now we can expand the action in covariant fluctuations. We neglect FLRW corrections
and the backreaction from gravity, as well as the time-dependence of the background field φ0;
we come back to this in Sec. 3.5. The result for the interaction Lagrangian is
Lint = − (V + V;aQa + 1
2!
V;abQ
aQb + ...)− ψ¯ (F + F;aQa + 1
2!
F;abQ
aQb + ...)ψ
− gA∂h(Gθ;aQa +
1
2!
Gθ;abQ
aQb + ...) + gA∂χ(Gφ;aQ
a +
1
2!
Gφ;abQ
aQb + ...)
− 1
2
g2A2(G;aQ
a +
1
2!
G;abQ
aQb + ...) +
(
gqLψ¯ /APLψ + gqRψ¯ /APRψ
)
. (18)
All coefficients are evaluated on the background. The subscript with a semi-colon denotes
the covariant derivative.
We just found the Lagrangian for the covariant fields by Taylor expanding using covariant
derivatives. An equivalent way of deriving the same Lagrangian is solving the relation φi(Qj)
7
(16) explicitly, substituting in the Lagrangian (14), 3 and then Taylor expand in the fields Qi
(using partial derivatives). This point of view will be useful when defining the counterterms
in the next section. Here we just give the explicit form of (16) relating the original Langragian
fields (ϕ, θ) to the covariant fields (h, χ):
ϕ =
(
h+
(h2 − χ2)
2φ0
+ ..
)
− 1
ξ
(
h2
φ30
+
h3
3φ40
+ ....
)
+
1
ξ2
(
h2 + χ2
12φ30
+ ....
)
.
θ =
(
χ+
hχ
φ0
+ ..
)
− 1
ξ
(
hχ
φ30
+
4h2χ
3φ40
+ ....
)
+
1
ξ2
(
hχ
φ50
+
h2χ
12φ40
+ ....
)
. (19)
We checked that substituting this in the Lagrangian and expanding, we indeed retrieve (18).
3.2 Gauge fixing
We have to add a gauge fixing and ghost Lagrangian, which can also be expanded in covariant
fields.
We fix the gauge via
LEGF = −
1
2ξG
(
∂µAµ − gGφ(φ0)ξGθ
)2
. (20)
This removes the quadratic A∂θ couplings from the Lagrangian. In the small field regime
Ω0 ≡ Ω(φ0) = 1 and we retrieve the standard Rξ-gauge. We choose to write the gauge fixing
term in terms of the Jordan frame fields (as opposed to the covariant fields) as these have a
well defined gauge transformation.
We work in Landau gauge ξG = 0. Then the ghost field decouples
LEFP
∣∣
ξG=0
= −∂µc¯∂µc. (21)
3.3 Feynman rules
Now we can derive the Feynman rules from the above action. First we define the effective
couplings
Lint = −λmhnχhmχn − ymhnχhmχnψ¯(iγ5)αψ − (gA∂hmhnχ∂h− gA∂χmhnχ∂χ)Ahmχn
− g2AmhnχA2hmχn + gLψ¯ /APLψ + gRψ¯ /APRψ (22)
with α = 1 if the number n = odd, and α = 0 otherwise (signs are absorbed in the couplings).
All interactions are defined with a minus sign (the only exception is for one of the derivative
interactions and the fermion-gauge interaction), and without numerical factors. This means
that for a vertex with m h-fields and n χ-fields and with or without fermion/gauge lines we
have, respectively:
V (mhnχ) = (−i)m!n!λmhnχ,
V (mhnχ2ψ) = (−i)m!n!ymφnχ(iγ5)α,
V (mhnχ2A) = (−i)2!m!n!g2Amhnχ. (23)
3Equivalently, and probably more easily, the expansion φi(Qi) can be found by φi = φi:aQ
a+ 1
2!
φi:abQ
aQb+....
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For the derivative interaction we get
V (A∂hmhnχ) = −ig(A∂hmhnχ)(−ikµ), V (A∂χmhnχ) = ig(A∂χmhnχ)(−ikµ), (24)
with k the momentum running through the vertex. The fermion, scalar and gauge propagators
are given by:
−iDψ(k) =
−i(−/k +mψ)
k2 +m2ψ − iǫ
,
−iDQa(k) = γaa −i
k2 + (m2)aa − iǫ
,
−iDµν(k) ξG=0= −i
gµν − kµkνk2
k2 +m2A − iǫ
, (25)
with massesmψ = F (φ0), mA = G(φ0), and (m
2)ab = γ
acV;cb(φ0). The scalar mass is diagonal,
which we used in the scalar propagator. The propagators are standard except for the metric
factor in the scalar propagator. The ghost field decouples.
The above expansion of the Lagrangian, and corresponding Feynman rules are equally
valid in all field regimes (although in the small field regime the notation is overkill). The
explicit expressions for the vertices are given in Appendix A. The Higgs/GB mass and self-
interactions are suppressed in the mid and large field regime, and we can neglect Higgs/GB
loops in the quantum corrections. Likewise, the interaction with the gauge field is suppressed
in the large field regime. The Higgs-fermion coupling is small in the mid and large field
regime, but the GB-fermion coupling is not: it has the standard SM strength. This does
not come as a surprise. The gauge-fermion interactions are unaffected by the non-minimal
coupling. And since the GB is eaten to become the longitudinal polarization of the gauge
boson, it should have the same interaction strength as the transverse polarizations. A priori
it is not clear what the effects are on the betafunctions. The explicit computation is done in
the next section.
3.4 Counterterms
In this section we introduce counterterms. It proves convenient, or maybe even necessary,
to define the wave functions Zi in terms of the original Jordan frame fields, rather than
the covariant fields. The usual U(1) symmetry relations between the various Zi-factors then
apply.
To define the counterterms we start with the Einstein frame Lagrangian in terms of the
Jordan frame fields (14) and rescale the bare fields (with label “b”) to physical fields (without
label) via
φb =
√
Zφφ, θb =
√
Zθθ, ψb =
√
Zψψ, A
µ
b =
√
ZAA
µ,
λb = Zλλ, ξb = Zξξ, yb = Zyy, gb = Zgg, (26)
with φ = φ0+ϕ. In Landau gauge ξG = 0 the wavefunctions are Zϕ = Zφ0 = Zθ. We further
define
Zi = 1 + δi. (27)
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We can then split the Lagrangian L = Lrenormalized +Lct with the counterterms proportional
to δi. The total Lagrangian is
L = −1
2
(Zgabgab)Zφ∂φ
a∂φb + Zψψ¯i/∂ψ − 1
4
ZAFµνF
µν
− ZλZ
2
φλ(φ
2 + θ2)2
4(1 + ZξZφξφ2)2
− Zψ
√
ZφZyy√
2(1 + ZξZφξφ
2
R)
ψ¯(φ+ iθγ5)ψ
− 1
(1 + ZξZφξφ
2
R)
(√
ZAZφZggA(φ∂θ − θ∂φ) + ZAZφZ2g
1
2
g2A2(φ2 + θ2)
)
+ ZψZgZ
1/2
A
(
gqLψ¯ /APLψ + gqRψ¯ /APRψ
)
. (28)
This can be simplified using the U(1) Ward identity
Zg = Z
−1/2
A . (29)
Moreover, as we will derive in the next section, we have in the mid and large field regime (in
the small field regime, ξ drops out of the Lagrangian at leading order, and no counterterm
can be determined at this order)
Zξ =
1
Zφ
, for φ >
mp
ξ
. (30)
This means Ω2 = 1+ ξφ2 does not run (in the large field regime it means δ = 1/(ξφ20) ∼ e−h0
does not run). We can now use φi(Qa) in (19) to rewrite the Lagrangian in terms of the
covariant fields. It is then clear that all interactions arising from expanding the potential
have the same renormalization factor, namely ZλZ
2
φ. Similar statements can be made for the
gauge and Yukawa interactions.
We can also define “composite” wavefunctions for the interactions of the covariant fields
via
L ⊃ = −Zλ;mhnχλmhnχhmχn − Zy;mhnχymhnχhmχnψ¯(iγ5)αψ
− Z2A;mhnχg2AmhnχA2hmχ¯n − ZA∂Qa;mhnχgA∂QamhnχA∂Qahmχ¯n. (31)
It is straightforward to rewrite the composite wavefunctions in terms of elementary ones (26),
by comparing terms in the two actions above (28,31), when both written out in covariant
fields. As an explicit example, consider the potential in the large field regime; using (28) it
can be expanded as
V =
Zλ
Z2ξ
λ
4ξ2
+
Zλ
ZφZ
3
ξ
λ
(
− 1
φ40ξ
3
h2 − 1
3φ60ξ
3
h4 +
1
12φ60ξ
5
χ2 − 1
108φ100 ξ
7
χ4 + ...
)
(32)
from which we read off
ZV0 =
Zλ
Z2ξ
, Zλ2h = Zλ4h = Zλ2χ = Zλ4χ =
Zλ
ZφZ
3
ξ
. (33)
Ignoring φ˙0 corrections the Higgs kinetic terms are
L ⊃ −1
2
Z2hghh(∂h)
2 = −1
2
Z2h
6
φ20
(∂h)2 = −1
2
Zh
Zh
6
φ20
(∂h)2. (34)
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The leading counterterm vanishes. The kinetic term for the GBs is
L ⊃ −1
2
Z2χgχχ(∂χ)
2 = −1
2
Z2χδ(∂χ)
2 = −1
2
Zhδ(∂χ)
2. (35)
And thus
Z2h − 1 = O(δ), Z2χ = Zφ. (36)
To derive these results we have used Zh = Zχ = Zφ, i.e. the same counterterms for the
Jordan frame and covariant fields. As we will discuss below, although this approximation is
valid for the kinetic terms, it is not in general.
3.4.1 On the wavefunctions of the covariant fields
Instead of defining the wavefunctions of the Jordan frame fields, we could have tried to work
with those of the covariant fields. Rather than beginning from (26), we would then introduce
Zφ0 , Zh and Zχ. Consider the large field regime. The potential is expanded in covariant
fields as in (32). We can read off the counterterms from the parametric dependence of the
various terms. For the quadratic Higgs and GB interactions we find Z−1h Z
−3
ξ and Z
−2
h Z
−5
ξ
respectively, which should be equal by gauge invariance. This excludes setting Zh = Zχ = Zφ
in the potential, as it gives inconsistent results.4
As we will now discuss, this approach breaks down for the GB interactions. We can
understand where this stems from. To derive the h2 and h4 interactions at leading order, it
is enough to only keep the first term in the expansion (19). Then taking the relevant terms
in (19), and setting Qib =
√
ZQQ
i we get
√
Zφϕ =
√
Zh
(
h+
(h2 − χ2)
2φ0
+ ..
)
, (37)
√
Zφθ =
√
Zχ
(
χ+
hχ
φ0
+ ..
)
. (38)
Thus for h interactions we can take Zh = Zχ = Zφ. Similarly, for the kinetic terms, only the
first order expansion is needed, which is what we used above.
However, to derive the GB interactions, the leading and subleading terms cancel, and
to get the correct interaction one needs to expand φi(Qj) to sufficient high order in δ. In
particular, one needs also to take into account the last term in the expansion in (19). But
then Zh = Zχ = Zφ = 1/Zξ is no longer a consistent solution; it would give the inconsistent
relation √
Zφϕ =
√
Zφ(Q+Q
2 + ...) + Z
3/2
φ (Q
2 +Q3 + ...). (39)
Thus for GB scattering one cannot really define Zχ, Zh in terms of the elementary wavefunc-
tions (26). Fortunately, this is also not necessary, because we can simply use (32).
3.5 Approximations used
Before diving into the calculation we first list here the approximations made.
4One could leave the counterterms Zh, Zχ, Zφ unrelated a priori, and determine them by the requirement
to absorb all (1-loop) divergencies. We tried this approach, and it fails. There is no consistent choice of
counterterms that renders the theory finite.
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1. We have dropped the time-dependence of the background field: φ˙0 → 0
2. We have neglected FLRW corrections and the backreaction of gravity
3. We have evaluated the field metric on the classical background.
1. In [37] we calculated the effective action in the SM regime, taking into account the
rolling of the classical background field φ˙0. Generalizing standard techniques to calculate
the effective action to the time-dependent situation, we found the radiative corrections to
both the classical potential and the kinetic terms. This allowed us to extract both the δλ
and δφ counterterms from the effective action. We retrieved the standard results. The time-
dependence does not affect the form of the counterterms. Had we done the calculation in a
time-independent way, by neglecting φ˙0, we would have found the same δλ counterterm.
In the large field regime the time-dependence enters also the kinetic terms, which are non-
minimal, and it may not be obvious that we can neglect these effects. However, the large field
regime is the inflationary regime, and all time-dependent corrections are slow roll suppressed.
Working at leading order in the expansion parameter, as we do, they can be neglected.
2. In [27, 38] we calculated the effective action in the SM regime, in a FLRW background.
We showed that when working in the Einstein frame, the backreaction from gravity can be
neglected. The reason is that the corrections are of the order of the slow roll parameter ǫ ∼ δ2,
which are small compared to η ∼ δ and thus can be neglected at leading order.
Doing the calculation in a FLRW background will give order O(H2) corrections to the
scalar masses, to the Higgs and GB mass in our case. However, these masses only appear
in diagrams with a Higgs and GB in the loop, which thus also involve suppressed GB/Higgs
couplings. There is however one diagram that becomes of leading order in the δ-expansion,
which is the last term of (55), giving the GB loop correction to the fermion propagator.
Nevertheless, this diagram is still suppressed by 1/ξ. Hence, to be really sure that FLRW
corrections will not affect our results we have to work in the large ξ ≫ 1 limit.
3. The kinetic terms for the GB/Higgs field are of the form
L ⊃ −1
2
γij∂Q
i∂Qj = −1
2
γij(φ0)∂Q
i∂Qj + ... (40)
where we have expanded the field space metric around the background. The first term is
quadratic and determines the structure of the propagators. The higher order terms, denoted
by the ellipses above, can then be treated as additional interaction terms. It is hard to
systematically take into account the effects of higher order interactions, and we have neglected
them in our calculations in the next section. Unfortunately, it seems that for at least one
diagram this is not a good approximation, as we discuss in section 4.5.
4 One-loop corrections
To derive the one-loop betafunctions for the gauge, Yukawa and Higgs interactions, g, y, λ, it is
enough to calculate the corrections to the gauge, fermion and scalar propagator, which is what
we will do in this section. We will also compute corrections to 3 and 4-point interactions.
These will serve as consistency checks on the result, which provide further checks on the
validity of our approximations (discussed in the previous section). Another consistency check
is the comparison with the Coleman-Weinberg effective action [39].
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No field independent counterterms can be defined for the whole regime, but it may be
possible to define renormalizable EFTs in the three different regimes. Then the hope is that
the threshold corrections in patching them together are small. To find the result in a given
regime, we plug in the explicit form of the couplings expanded in the expansion parameter
valid in this regime. The expansion parameters were defined in subsection 2.2; the explicit
form of the couplings can be found in Appendix A.
4.1 Coleman-Weinberg effective action
The Coleman-Weinberg calculation for a dynamical background field has been performed in
[37]. From this we can extract ZV0 , Z2h, which should be consistent with the loop corrections
to the Higgs/GB propagator and self-scattering. The effective action gets contributions from
the bosonic, mixed and fermionic loops respectively, and is for ξG = 0
ΓCW =
1
32π2ǫ
[
m4h +m
4
θ + 3m
4
A − 4m4f +
3
2
m4Aθ + 4mf m¨f
]
, (41)
with m2Aθ = −2gφ˙0/Ω20. Adding classical and all one-loop contributions gives
Γ =
1
2
γhhφ˙
2
0
[
−Z2h + 1
8π2ǫ
(
3g2
1 + ξφ20(1 + 6ξ)
− y
2
Ω20(1 + ξφ
2
0(1 + 6ξ))
)]
+
λφ40
4Ω40
[
−ZV0 +
1
8π2ǫ
(
λs(φ0) + 3
g4
λ
− y
4
λ
)]
, (42)
with
s(φ0) =
(
φ20ξ
(
1− 2ξ (φ20(6ξ + 1)− 6))+ 3)2
Ω40
(
φ20ξ(6ξ + 1) + 1
)4 + 1
Ω40
(
φ20ξ(6ξ + 1) + 1
)2 . (43)
It is clear that no field-independent counterterms can be defined over the whole regime.
Expanding the corrections in the respective regimes we find (still applying the notation Zi =
1 + δi)
δV0 =
1
8π2ǫ
[
10sλ+ 3
g4
λ
− y
4
λ
]
, (44)
where we used notation (2). Note that δV0 = δλ + 2δφ in the small and mid field regime, but
δV0 = δλ − 2δξ for large field. As we will see, consistency with Higgs/GB n-point functions
requires δφ = −δξ, as in (30), and thus δV0 constrains the same elementary counterterms in
the whole regime.
Furthermore, we find
δ2h =
1
8π2ǫ
[
s3g2 − sy2 +O(δ)] . (45)
In the large field regime δ2h = O(δ) is a consistency check, but does not put any constraints
on the elementary counterterms (26). In the mid field regime we find δ2h = 2(δφ+δξ) = O(δ),
and thus to lowest order (30) is satisfied. In the small field regime δ2h = δφ, and we find an
answer consistent with (50) below.
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4.2 Higgs/GB interactions
We start with the corrections to the Higgs propagator. Compared to the standard small-field
calculation, the fermion loop is different because of the presence of new fermion-Higgs/GB
couplings. The gauge loop proceeds as in the small field regime, with the only exception that
the diagram with derivative interactions cancels (at first order in the expansion parameter)
as in the large field regime gA∂hχ = −gA∂χh have opposite sign, instead of being equal. The
result for the counterterm, fermion and gauge, mixed gauge-GB and Higgs/GB loops is
Πh = −δ2hγhhk2 − δλ2h2λ2h +
1
8π2ǫ
[
− 12y2hm2ψ − 8y2hm3ψ − 2y2hk2
+ 6g2A2hm
2
A + 6g
2
2Ah + 3k
2γχχ
(
gA∂hχ + gA∂χh
2
)2
+ 12γhhλ4hm
2
h + 2γ
χχλ2h2χm
2
χ + 18(γ
hh)2λ23h + 2(γ
χχ)2λ2h2χ
]
. (46)
The γaa factors stem from the Higgs and GB propagators. Further, we used m2h = γ
hh(2λ2h)
and similar for the GB mass. This yields
δλ2h =
1
8π2ǫ
[
10sλ+ 3
g4
λ
− y
4
λ
]
, (47)
while for the kinetic term we retrieve (45).
Comparing with the CW result we find that δλ2h = δV0 . In the large field regime this gives
the equality δλ − δφ − 3δξ = δλ − 2δξ, from which we get
δξ = −δφ, (48)
which assures that Ω does not run. This is the same as derived in the mid field regime from
δ2h = O(δ). In the small field regime ξ drops out of the Lagrangian at leading order, and no
relation for δξ can be derived at this order.
The correction to the GB propagator is
Πχ = −δ2χγχχk2 − δλ2χ2λ2χ +
1
8π2ǫ
[
− 4y2χm2ψ − 8y2χm3ψ − 2y2χk2
+ 6g2A2χm
2
A + 3k
2γhh
(
gA∂hχ + gA∂χh
2
)2
+ 12γχχλ4χm
2
χ + 2γ
hhλ2h2χm
2
h + 4γ
hhγχχλ2h2χ
]
. (49)
We find δλ2h = δλ2χ in all three regimes, as required by gauge invariance. Further we have
δ2χ = δφ =
1
8π2ǫ
[
3sg2 − y2] . (50)
It is interesting to note that in the large field regime the counterterm δλ2χ = O(δ3) whereas
the individual fermion and gauge loop diagrams in (49) are O(δ2). Renormalizability thus
requires the two fermion diagrams to cancel at leading order, to end up with an O(δ3) loop
correction. This is indeed what happens. This intricate cancellation is even more pronounced
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when we consider corrections to higher n-point GB scattering. For example, the structure of
the fermion contribution to the four-point GB vertex is
V (4χ) = −δλ4χ4!λ4χ
+
4!
8π2ǫ
[
36λ24χ(γ
χχ)2 + λ22h2χ(γ
hh)2 −m2hλ2h4χγhh − 15m2χλ6χγχχ + 8λh4χλh2χγhhγχχ
− 4y4χm3ψ − 4y3χyχ(m2ψ +
1
2
k2)− 6y22χ(m2ψ +
1
6
k2)− 4y2χy2χmψ − y4χ
+ 3(g22A2χ + g2A4χm
2
A)
]
. (51)
Now the counterterm on the first line is δλ4χ = O(δ5). The GB and Higgs loop diagrams on
the second line above give O(δ6) corrections and can be neglected. All individual fermion
loop diagrams — the terms on the third line — and all individual gauge loop diagrams —
the terms on the fourth line — are O(δ3), much larger than the counterterm. Thus both
the leading and subleading contributions need to cancel when adding the diagrams. This is
indeed what happens and we find δλ2h = δλ4χ as required by gauge invariance. This intricate
cancellation, and the need to go to sub-sub-leading order in the δ-expansion, is the reason we
cannot easily define the wavefunctions for the covariant fields, as discussed in section (3.4.1).
Note, however, that the k2-term in (51) above does not cancel, and gives a correction that
cannot be absorbed. 5 For this we have to add a new dimension-6 counterterm which is a
four-point χ-interaction with two derivatives; very schematically
L ⊃ 1
Λ2
χ2(∇χ)2, (52)
with a cutoff
Λ ∼ (y3χyχ + 1
2
y22χ)
−1/2 & Λunitarity (53)
that is equal to or larger than the unitarity cutoff
Λunitarity ∼
{
1
ξ
, φ0,
1√
ξ
}
(54)
in the small, mid and large field regime regime. The EFT breaks down for energy scales
beyond the unitarity cutoff. The new counterterms needed to absorb divergencies enter at
even higher scales. As such they do not put further constraints on the domain of validity of
the EFT.
4.3 Yukawa interactions
We first calculate the corrections to the fermion propagator. The fermion-gauge coupling is
standard over the whole field range, and the gauge loop gives the same result in all three
regimes. This is not the case for the Higgs and GB loop, as the former is suppressed in the
5Here k is the momentum flowing in the loop at one of the vertices; the propagator structure is∫
d4lDψ(l)Dψ(l + k).
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mid and large field regime. The fermion two-point function is
Π(2ψ) = −δψ/k − δmψmψ +
1
8π2ǫ
[
− 3mψg2qLqR
+ y2hγ
hh(mψ − 1
2
/k)− y2χγχχ(mψ +
1
2
/k) + y2hγ
hhm2h + y2χγ
χχm2χ
]
, (55)
where we used gAψ¯L,RψL,R = gqL,R in all three regimes. There is a minus sign difference
between the two /k terms, which originates from the (iγ5) in vertices with an odd number of
GBs. This gives for the counterterms
δψ = − 1
8π2ǫ
[
y2
4
(s+ 1)
]
,
δmψ = δy + δψ +
1
2
δφ =
1
8π2ǫ
(
−3g2qLqR + 1
2
(s− 1)y2
)
. (56)
The GB and Higgs contribution add in δψ and cancel in δmψ in the small field regime; in the
mid and large field regime only the GB contribution survives.
The Yukawa interactions, both Higgs-fermion and GB-fermion, should give consistent
results. Indeed we find
V ΨΨ¯htot = −
1
8π2ǫ
(
−y3hγhh + yhy2χγχχ − 3m2hy3hγhh −m2χyh2χγχχ − 2yhy2hγhh (/k + 2mΨ)
− yχyhχγ
χχ
2
(/k − 2mΨ)− 6y2hλ3h(γhh)2 − 2y2χλh2χ(γχχ)2 + 3qLqRg2Ψ¯AΨyh
)
− δyhyh,
(57)
and
V ΨΨ¯χtot = −
iγ5
8π2ǫ
(
y2hyχγ
hh − y3χγχχ −m2hy2hχγhh − 3m2χy3χγχχ −
yhyhχγ
hh
2
(/k + 2mΨ)
− 2yχy2χγχχ (/k + 2mΨ)− 2yhχλh2χγhhγχχ + 3qLqRg2Ψ¯AΨyχ
)
− iγ5δyχyχ. (58)
This indeed gives δyh = δyχ = δmψ , with the latter given in (56).
However, once again there is a small glitch as the /k terms in both expressions do not
cancel. New non-renormalizable counterterms need to be added, schematically of the form
L ⊃ 1
Λ
ψ¯(h+ iγ5χ)/∂ψ (59)
with cutoff
Λ ∼ (γχχyχy2χ)−1 & Λunitarity. (60)
Since the cutoff exceeds the unitarity cutoff, these terms do no affect the range of validity of
the EFT in the three regimes.
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4.4 Gauge interactions
We begin with the gauge boson propagator.
ΠAµν = −δA(k2gµν − kµkν)− δmAm2Agµν
+
1
8π2ǫ
[(
3γhhg2h2A + 2γ
hhg2h2Am
2
h + 2γ
χχg2χ2Am
2
χ
)
gµν
+ γhhγχχ
[
−1
4
(gA∂hχ + gA∂χh)
2
(
k2
3
+m2h +m
2
θ
)
gµν + (g2A∂hχ − gA∂hχgA∂χh + g2A∂χh)
1
3
kµkν
]
− 2
3
(k2gµν − kµkν) (g2L + g2R)− 2(gL − gR)2m2ψ
]
(61)
It should be remembered that we normalized qφ = 1. The counterterms are
δA = − 1
8π2ǫ
g2
(
s
1
3
+
2
3
q2L +
2
3
q2R
)
. (62)
Using the Ward identity 2δg = −δA (29), it follows that δmA = 2δg+δφ+δA = δφ. Reading off
δmA from the above expression, and comparing with our earlier result (50) for δφ, we indeed
find agreement.
In the large field regime there is also a derivative interaction at leading order that is not
transversal and cannot be absorbed in δA. We find a term
ΠA ⊃ 1
8π2ǫ
g2
(1 + 6ξ)
kµkµ. (63)
This term can be neglected only for ξ ≫ 1. This is the only place where this extra condition
is needed. The transverse term breaks the Ward identities in the Landau gauge, and should
not be there. It arises as a consequence of our approximations, discussed in more detail in
section 4.5. We are not too worried about this term, as it is absent in the large ξ limit. But
moreover, it is also a gauge dependent term. We could have chosen a gauge fixing
LEGF = −
1
2ξG
(
∂µAµ − g φ0
Ω0
ξGχ
)2
(64)
defined in terms of the covariant fields rather than the Jordan frame fields (20). In Landau
gauge, this gauge fixing gives the same results for all other diagrams, but now also the
transversal part (63) vanishes.
As a consistency test we also calculated the 2A2h interaction, which gives
V 2A2h =
gµν
8π2ǫ
(
48λ4hg2A2hq
2
Φ(γ
hh)2 + 8λ2h2χg2A2χ(γ
χχ)2 − (gA∂hχ + gA∂χh)2γhh(γχχ)2λ2h2χ
− 6(gA∂hχ + gA∂χh)2(γhh)2γχχλ4h + 24g22A2hγhh − 4(qL − qR)2y2hg2Ψ¯AΨ
− 8(qL − qR)2y2hg2Ψ¯AΨmΨ
)
− 4δg2A2hg2A2hgµν , (65)
yielding δmA = δg2A2h , as it should.
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4.5 Gauge-fermion vertex
There is one interaction that does not give a consistent result, which is the fermion-gauge
coupling. To calculate it the important terms in the Lagrangian are
L = −3ξ
2
Ω4
∂µ(Φ
†Φ)∂µ(Φ†Φ)− (DµΦ)
†DµΦ
Ω2
+
∑
i=L,R
iΨ¯i /DΨi −
yΦ
(
Ψ¯LΨR + h.c.
)
Ω
. (66)
There are three one-loop diagrams: 1) a GB loop with the photon attached to the fermion
line, 2) a Higgs loop with the photon attached to the fermion line, and 3) a mixed Higgs-GB
loop with the photon attached via a derivative interaction to Φ. The result is
V
Ψ¯AµΨ
loop = −
γµ
16π2ǫ
[
gΨ¯AΨ(y
2
χγ
χχ + y2hγ
hh) (qLPR + qRPL)
+ (gA∂hχ + gA∂χh) yhyχγ
hhγχχ (qΦPL − qΦPR)
]
,
V
Ψ¯AµΨ
CT = −δΨ¯AµΨgΨ¯A)µΨγµ(qLPL + qRPR). (67)
In the small field regime this reduces to
V
Ψ¯AµΨ
loop = −
gy2γµ
16π2
1
ǫ
(qLPL + qRPR) , (68)
where we used gauge invariance: qΦ − qL + qR = 0. This expression can be absorbed in
the counterterm, which is proportional to (qLPL + qRPR) as well. In the large field regime,
however, the diagrams with a Higgs loop are suppressed and we get
V
Ψ¯AµΨ
loop =
γµ
32π2
1
ǫ
[(
gy2
6ξ3φ40
+ gy2
)
(qLPR + qRPL) +
gy2
3ξ3φ40
(qΦPL − qΦPR)
]
. (69)
We cannot combine the two parts, and will not get something proportional to (qLPL + qRPR).
The same problem arises in the mid-field regime.
This result in the large field regime breaks gauge invariance explicitly. How did it arise?
When we repeat the calculation without the first term in (66), the Higgs and GB field still
have the same propagator. As a result all three diagrams contribute and the result adds up
to something gauge invariant. However, when we include the first term, things go wrong as
the Higgs propagator is now suppressed compared to the GB propagator. Note however, that
the first term is explicitly gauge invariant. It is our approximation that breaks the gauge
invariance, when we evaluate the metric on the background γij(φ, θ) = γij(φ0). In particular,
for the first term we set
L ⊃ −3ξ
2
Ω4
∂µ(Φ
†Φ)∂µ(Φ†Φ) = −3ξ
2φ20
2Ω40
(∂µφ)
2 + ... (70)
where the ellipses denote neglected higher order derivative interactions (to be precise: higher
n-point interactions with two derivatives). We listed this as the third approximation in
subsection 3.5. These higher order terms need to be included to obtain a gauge invariant
result. Unfortunately, it does not seem straightforward to do so. We would like to postpone
the setup of a framework able to handle higher order derivative terms to future work, leaving
a loose thread to our current calculation. However, since the calculation of the two-point
function involves lower order vertices, we expect it to be less prone to our approximation.
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5 RGE equations
First we give the betafunctions for the Abelian-Higgs model with a non-minimal coupling,
then in subsection 5.2 we generalize to full SM Higgs inflation.
5.1 Abelian Higgs model
First we list all the counterterms, found in the previous section:
δφ = −δξ = 1
8π2ǫ
(
3g2s− y2) ,
δλ2h = δλ4h = δλ2χ = δλ4χ =
1
8π2ǫ
(
10λs + 3
g4
λ
− y
4
λ
)
,
δψ = − 1
8π2ǫ
(
y2
4
(s+ 1)
)
,
δmψ = δyhψ¯ψ = δyχψ¯ψ =
1
8π2ǫ
(
−3g2qLqR + 1
2
y2(s− 1)
)
,
δA = − 1
8π2ǫ
g2(
1
3
q2φs+
2
3
q2L +
2
3
q2R).
(71)
The counterterms for the couplings in the Lagrangian are then given by δλ = δλ4h − 2δφ,
δy = δmψ − 1/2δφ − δψ, and the Ward identiy δg = −1/2δA respectively. From this the beta-
functions can be found via βλ = λ(ǫδλ), and similarly for the Yukawa, gauge and non-minimal
Higgs-gravity coupling. This gives
βλ =
1
8π2
(
10sλ2 + 3g4 − y4 − 6sg2λ+ 2y2λ) ,
βy =
1
8π2
(
−3qLqRg2y − 3
2
s(qL − qR)2g2y + 1
4
(1 + 3s)y3
)
βg =
1
8π2
g3
(
s
1
6
q2φ +
1
3
q2L +
1
3
q2R
)
,
βξ
∣∣
mid,large
= − 1
8π2
(s3g2 − y2)ξ. (72)
We have not derived βξ in the small field regime. At leading order all ξ dependence drops
out of the Lagrangian in the SM regime. Since our computation relies on the approximations
listed in section 3.5, which fail beyond the leading order, we have to leave the computation
of βξ in the small field regime open.
5.2 SM Higgs inflation
Our results for a U(1) theory can be extended to the full Standard Model (SM) Higgs inflation.
Working in background field gauge 6, the symmetries of the classical effective action are similar
to those of the U(1) theory. The main difference is that now there are 3 GBs, the top quark
has three colors, and one needs to sum over the strong, weak and hypercharge interactions.
6In practice, it is not so easy to calculate diagrams in the background field gauge, as it is unclear how to
expand the Lagrangian in covariant fields with a shifted metric.
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Higgs coupling First we extend the U(1) results in the small field regime to the full SM
beta-functions, which can be found for example in [40]. The SM betafunction for the Higgs
self-coupling is a straightforward generalization of the U(1) result:
βλ =
1
8π2
[
(9 + nθ)λ
2 + 3
∑
a
g4a − ncy4t − 2λ(3
∑
a
g2a − ncy2t )
]
=
1
8π2
[
12λ2 +
3
16
(
2g42 + (g
2
2 + g
2
1)
2
)− 3y4t − 2λ(94g22 + 34g21 − 3y2t )
]
, (73)
with nθ = 3 the number of GBs, nc = 3 the number of colors and the ga are given in (13).
We have only included the running of the top Yukawa. Generalizing from the U(1) model, it
follows that the λ2 and the λg21,2 terms are suppressed in the mid and large field regime. This
gives
βλ =
1
(4π)2
[
24λ2s+
3
8
(
2g42 + (g
2
2 + g
2
1)
2
)− 6y4t − λ(9g22 + 3g12)s+ 12y2t λ)
]
. (74)
Gauge coupling For an SU(N) group the betafunction is
β(g)
∣∣∣∣
SU(N)
= − g
3
96π2
(22N − 2nf − nH) , (75)
with nf the number of Weyl fermions and ns the number of complex Higgs fields, both in the
fundamental representation. For an Abelian group there is no contribution from the gauge
field, and the formula becomes
β(g)
∣∣∣∣
U(N)
=
g3
96π2
(
4
∑
q2f +
∑
q2s
)
, (76)
with qf , qs the charges of the Weyl fermion and real scalars respectively. This reproduces our
result in the small field regime. In the mid and large field the Higgs and GB contributions to
the running are absent; this does not affect QCD, but for the EW sector we get
βg3 = −
7
(4π)2
g33 ,
βg2 = −
1
(4π)2
(20 − s)
6
g32 ,
βg1 =
1
(4π)2
(40 + s)
6
g31 .
Yukawa coupling The running of the top Yukawa follows from the counterterm δy =
δyhψ¯ψ − 1/2(δφ + δtL + δtR). Explicit expressions can e.g. be found in [41, 42]. For the top
quark the SM counterterms are:
δtL = −
1
8π2ǫ
(
s
4
y2t +
1
4
y2t +
1
2
y2b
)
,
δtR = −
1
8π2ǫ
(
s
4
y2t +
1
4
y2t +
1
2
y2t
)
. (77)
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The y2 contributions stem from loops with h, χ and φ+ = χ1 − iχ2 respectively. For tL the
φ+ loop can only be made with a bottom quark in the loop, which gives a contribution to
y2b — which we neglect in the following. In our U(1) toy model we only had the first two
contributions from the h and χ-loop; indeed this matches the counterterm we found before.
In the mid and large field regime the Higgs loop is suppressed, but not the GB loop. Likewise,
we expect the φ+-loop to contribute in the large field regime, as these are GBs, with the same
structure of interactions as χ.
The Higgs counterterm is
δφ = − 1
8π2ǫ
[
ncy
2
t − 3s
∑
a
g2a
]
= − 1
8π2ǫ
[
3y2t −
3
4
s(3g22 + g
2
1)
]
, (78)
which generalizes our previous results. Here nc is the number of colors. The gauge contribu-
tion is suppressed in the large field regime.
The vertex correction is
δyhψ¯ψ = −
1
8π2ǫ
[
−1
2
y2t (s− 1) + 3YtLYtRg21 + 3C2(Rt)g23
]
, (79)
with C2(Rt) = 4/3 for the fundamental in SU(3), and YtL = 1/6, YtR = 2/3. For the
U(1) model we found that the y2-correction from the h and χ-loop cancels in the small field
regime. However, in the large field regime the Higgs contribution is negligible, and there is a
net contribution from the GB χ. The φ+ loop gives a contribution ∝ y2b and can be neglected.
The gauge terms stem from top-top-gauge loops, and since the fermion-gauge couplings are
standard in the large field regime, these are unaffected.
This gives for the betafunction
βyt =
1
(4π)2
[
3
2
(2 + s)y3t −
(
8 + 9s
12
g21 +
9s
4
g22 + 8g
2
3
)
yt
]
. (80)
In the small field regime s = 1 and we get the standard result.
Non-minimal coupling Further, we found in the large and mid field regime that δφ = −δξ.
This gives the betafunction for the non-minimal coupling
βξ
∣∣
mid,large
=
1
(4π)2
[
6y2 − 3
2
s(3g22 + g
2
1)
]
ξ. (81)
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5.2.1 End results
(4π)2βλ = 24λ
2s+A+ (4π)2 · 4λγφ
(4π)2γφ = −s
4
(3g21 + 9g
2
2) + 3y
2
t
(4π)2βg3 = −7g33 ,
(4π)2βg2 = −
(20− s)
6
g32 ,
(4π)2βg1 =
(40 + s)
6
g31
(4π)2βyt =
3
2
sy3t −
(
2
3
g21 + 8g
2
3
)
yt + (4π)
2 · γφyt
(4π)2βξ
∣∣
mid,large
= (4π)2 · 2γφξ (82)
with A = (3/8)(2g42 + (g
2
2 + g
2
1)
2)− 6y4t .
6 Discussion
6.1 Comparison with literature.
In recent years several groups have presented renormalization group equations for SM Higgs
inflation. The disagreement between these results has been a major motivation to write this
paper which follows, in our opinion, the most systematic approach so far. In this section we
compare our findings to some encountered in the recent literature.
Let us first quickly compare this work to our own previous work [27]. There we have
studied the renormalization of just a (complex) non-minimally coupled scalar, leaving the
inclusion of fermions and gauge fields and the generalization to full SM Higgs inflation to
this work. Our findings here generalize those in [27]. Note in particular that in that work,
we concluded that we could not say anything about the RG flow in the mid-field regime, as
the corrections were an order of δ smaller than the counterterms. However, the fermionic
and some of the gauge corrections that we have found now are of the same order as the
counterterms. That is why we can now present expressions for the running couplings in the
mid field regime (barring threshold corrections) without getting in contradiction with our
previous work.
Now for the comparison to other authors. In general, it seems that all other approaches
follow some predefined treatment for Higgs and Goldstone bosons. In some cases only the
Higgs contributions are kept, in other cases only the GBs, in yet other cases only loop con-
tributions are excluded, etcetera. Our result does not respect any of these guidelines. For
example, we find that the GB contribution to the effective potential is suppressed, while the
GB loops do contribute to the Yukawa corrections. To see exactly which field contributes to
which loop correction all correction diagrams need to be properly computed. (Although the
differences are never very dramatic.)
We first compare to reference [5], which states that in large field the action is just the
action of the chiral SM with v = mp/
√
ξ, and the Higgs (but not the GBs) decouples. The
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RGEs quoted for the large field regime are
(4π)2βλ = A+ (4π)
2 · 4λγφ
(4π)2γφ = −1
4
(3g21 + 6g
2
2) + 3y
2
t
(4π)2βg2 = −
(20− 1/2)
6
g32 ,
(4π)2βg1 =
(40 + 1/2)
6
g31
(4π)2βyt = −
(
2
3
g21 + 8g
2
3
)
yt + (4π)
2 · γφyt
(4π)2βξ = (4π)
2 · 2γφξ. (83)
Here a gauge contribution in γφ has been included, which explains the difference in βλ, βξ
and βyt with our work. In the betafunctions for the gauge coupling only the real Higgs field
is excluded, whereas we also exclude the GB.
The chiral SM is non-renormalizable, and new operators have to be included. At one-loop
level there is a correction to the Z-boson mass, which depends on the running coefficients of
two of these new operators. There is no such thing in our set-up, which is renormalizable in
the EFT sense.
We furthermore note that in this work the running of ξ is computed with an approach very
different from ours, via the running of the SM vev v. However, apart from our disagreement
over the gauge contribution to γφ, we find the same answer.
Reference [23] states that in the inflationary regime quantum loops involving the Higgs
field are heavily suppressed. The proposed prescription (originally introduced in [1]) is to
assign one factor of s(φ) for every off-shell Higgs that runs in a quantum loop, with
s(φ) =
1
Ω2
γφφ =
1 + ξφ20
1 + (6ξ + 1)ξφ20
. (84)
Although the metric factor in s above is for the real Higgs field, judging from the RGEs
presented the prescription has been applied to the complex field (nothing is said explicitly
about Higgs and GBs). In large field, the quoted RGEs reduce to:
(4π)2βλ = A+ (4π)
2 · 4λγφ
(4π)2γφ = −1
4
(3g21 + 9g
2
2) + 3y
2
t
(4π)2βg2 = −
20
6
g32 ,
(4π)2βg1 =
40
6
g31
(4π)2βyt = −3y3t −
(
2
3
g21 + 8g
2
3
)
yt + (4π)
2 · γφyt
(4π)2βξ = 2((4π)
2 · γφ + 6λ)(ξ + 1/6). (85)
There is a gauge contribution to γφ, which explains the difference in βλ, βξ and partly βyt with
our result. In βgi the full Higgs doublet is taken out in the large field regime, in agreement with
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our result. βξ is found by taking gravity as a classical background, following the pioneering
work in [43, 44, 45]. We think that this is not a good approximation in the Jordan frame.
This same s-factor formalism was followed in References [46, 47], with the modification
that now only the loops of the real Higgs field are excluded, and not those of the GBs.
However our final answers agree with neither of the results obtained there.
Reference [26] writes that Goldstone modes, in contrast to the Higgs particle, do not have
mixing with gravitons in the kinetic term. Therefore, their contribution is not suppressed
by the s-factor. We disagree with this. The GBs cannot be treated as usual, as in polar
coordinates ρ2(∂θ)2 the radial field is not the canonical one. In Cartesian coordinates, all
fields are equally coupled to the Ricci tensor via ξR
∑
(φi)2. The quoted results are
(4π)2βλ = 6λ
2 +A− (4π)2 · 4λγφ
(4π)2γφ =
1
4
(3g21 + 9g
2
2)− 3y2t
(4π)2βg2 = −
(20− 1/2)
6
g32 ,
(4π)2βg1 =
(40 + 1/2)
6
g31
(4π)2βyt =
[
y3t −
(
2
3
g21 + 8g
2
3
)
yt
]
− (4π)2 · γφyt
(4π)2βξ = 6ξλ− (4π)2 · 2γφξ. (86)
A gauge contribution to γφ is included, which partly explains the difference in βλ, βξ and βyt
with our results. For βyt the contribution of one GB y
2
t -term has been excluded instead of
3GB y2t -terms. In βgi only the GB is taken out in the large field regime, in disagreement with
our result.
This should be the identical to the chiral model of [5], as the Higgs field is decoupled in
the large field limit. However the RGEs are still different.
Lastly, [5, 23] use two different normalization conditions, one with a field independent
cutoff in the Jordan frame, or with a field dependent cutoff in the Jordan frame. However, two
frames give identical physics. It is often quoted that a field independent cutoff in the Jordan
frame corresponds to a field dependent cutoff in the Einstein frame, and vice versa. However,
dimensionful quantities by themselves have no invariant meaning, their values depend on the
unit system. If we express the cutoff in Planck units (the Planck mass is frame dependent),
a constant cutoff in the one frame is equivalent to a constant cutoff in the other frame. The
conformal rescaling only rescales all length scales, which does not change the physics. See
also our discussion in [27]. On-shell equivalence between the frames has also been established
in [48].
The question about a field dependent or independent cutoff is a frame invariant question
when expressed in Planck units. The choice of cutoff has thus nothing to do with a choice
of frame. One can still debate whether the results depend on the (field dependent) choice
of cutoff in the Einstein frame. A priori, this is not expected; the cutoff is only introduced
to regularize the divergent integrals, but is at the end taken to infinity. Requiring the coun-
terterms to be field independent, the different field dependent and independent cutoffs lead
to different normalization conditions. In practice one can only relate physical measurements
at different energy scales. The translation between the observable and the coupling defined
in the normalization condition will be different in each case. The end result is that when
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comparing physical observables at different scales, the cutoff dependence drops out.
6.2 Conclusions
We have calculated the one-loop corrections to Higgs inflation in the small, mid and large
field regime. We have done the calculations for the Abelian Higgs model; the results can then
rather straightforwardly be generalized to full Standard Model Higgs inflation. We have found
that in all three regimes the model is renormalizable in the effective field theory sense. The
RGEs for SM Higgs inflation we found are given in (82). The results for the mid field regime
are new. The running of the non-minimal coupling can be derived in the mid and large field
regime, and follows from the consistency of the radiative corrections to the potential and to
the two-point functions. In the small field regime all dependence on the non-minimal coupling
drops out of the equations at leading order in the small field expansion, and nothing can be
said about its running.
The computation of the radiative corrections was done in the Einstein frame, in the Landau
gauge, using a covariant formalism for the multi-field system. The one-loop corrections to the
propagators are sufficient to determine the full set of counterterms, and thus the betafunctions.
As extra checks, we have calculated many higher n-point functions as well. Especially the
results for four-point scattering of the Goldstone bosons are impressive in this regard: in
the large (and mid) field regime both the leading and subleading divergencies exactly cancel,
yielding a consistent counterterm.
However, we have stumbled on some potential problematic outcomes as well. First of
all, to cancel all divergencies, new non-renormalizable counterterms need to be added, see
(53, 60). However, the cutoff implied by these new counterterms always exceeds the unitarity
cutoff (54). Therefore they do not put further constraints on the validity of the EFTs in
the various regimes. Second, in (63) we have seen that the gauge boson propagator picks
up a transverse part, that should be absent by the Ward identities. This term vanishes in
the large ξ limit. Moreover, it is gauge dependent, and we believe it should vanish in a full
calculation. Thirdly, the one-loop gauge-fermion vertex gives a gauge symmetry breaking
result as well. We can trace it back to the explicit symmetry breaking in our approximation
of the non-minimal kinetic terms. In a full calculation the symmetry should be restored,
yielding a result consistent with the gauge propagator corrections that we have found, but we
leave this for further work.
In conclusion, we have computed the full set of RGE equations for Standard Model Higgs
inflation. The Higgs-fermion part has withstood an impressive set of consistency checks.
When including the gauge symmetry our result obtained from propagator corrections has
failed one consistency test, which we think can be ascribed to the intrinsic limitations in
our approach (neglecting higher order kinetic terms by evaluating the field metric on the
background). It would be an interesting but equally challenging task to develop a framework
that can get around these limitations.
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A Couplings
We list the couplings for the Abelian U(1) model. The explicit values in the small, mid, and
large field regime are found expanding in δi:
δs = ξφ0, small
ξ → δ−2m ξ, φ0 → δ3/2m φ0, mid
δl = 1/(ξφ
2
0). large (87)
Note that contrary to the small and large field regime, the δm parameter is just a rescaling
parameter. In the small field we express the results in φ0 rather than δs, as this form is more
familiar. Below we give the leading expression for the metric and for the relevant couplings;
the three values between the braces correspond to the small, mid and large field regime.
The metric is:
γhh =
{
1,
6φ20ξ
2
δm
, (6ξ + 1)δl
}
γχχ = {1, 1, δl} . (88)
The Higgs and GB self-interactions are
λ2h =
1
2!
V;φφ
∣∣∣
bg
= λ
{
3
2
φ20, φ
2
0δ
3
m, −
1
ξ
δ2l
}
λ2χ =
1
2!
V;θθ
∣∣∣
bg
= λ
{
1
2
φ20,
1
12ξ2
δ4m,
δ3l
2ξ(1 + 6ξ)
}
λ3h =
1
3!
V;φφφ
∣∣∣
bg
= λ
{
φ0,
(
1
18φ0ξ2
− 2φ30ξ
)
δ5/2m ,
2δ
5/2
l
3
√
ξ
}
λh2χ =
1
3!
(V;φθθ + V;θφθ + V;θθφ)
∣∣∣
bg
= λ
{
φ0,
δ
5/2
m
18φ0ξ2
, − 4δ
7/2
l
3
√
ξ(1 + 6ξ)
}
λ4h =
1
4!
V;φφφφ
∣∣∣
bg
= λ
{
1
4
, − δm
18φ20ξ
2
, − δ
3
l
3
}
λ2h2χ =
1
4!
(V;φφθθ + 5perms)
∣∣∣
bg
= λ
{
1
2
, − δm
18φ20ξ
2
,
11δ4l
6(1 + 6ξ)
}
λ4χ =
1
4!
V;θθθθ
∣∣∣
bg
= λ
{
1
4
,
δ2m
432φ40ξ
4
, − δ
5
l
3(1 + 6ξ)2
}
λ5h = etc. (89)
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The Yukawa interactions are
mψ = F
φ
∣∣∣
bg
=
y√
2
{
φ0, φ0δ
3/2
m ,
1√
ξ
}
yh = F
φ
;φ
∣∣∣
bg
=
y√
2
{
1, 1, δ
3/2
l
}
y2h =
1
2!
Fφ;φφ
∣∣∣
bg
=
y√
2
{
−(3ξ2 + ξ)φ0, − 1
2φ0δ
3/2
m
,−
√
ξδ2l
}
y3h =
1
3!
Fφ;φφφ
∣∣∣
bg
=
y√
2
{
−1
3
(3ξ2 + ξ), − 1
2φ20δ
3
m
,
2
3
ξδ
5/2
l
}
y4h = etc.
yχ = F
θ
;θ
∣∣∣
bg
=
y√
2
{
1, 1,
√
δl
}
y2χ =
1
2!
Fφ;θθ
∣∣∣
bg
=
y√
2
{
−(3ξ2 + ξ)φ0, − 1
2φ0δ
3/2
m
, − 1
2
√
ξδl
}
y3χ =
1
3!
F θ;θθθ
∣∣∣
bg
=
y√
2
{
−1
3
(3ξ2 + ξ), − 1
6φ20δ
3
m
, − 1
6
ξδ
3/2
l
}
y4χ =
1
4!
Fφ;θθθθ
∣∣∣
bg
=
y√
2
{(
ξ2
3
+ 3ξ3 +
15ξ4
2
)
φ0,
1
24φ30δ
9/2
m
,
1
24
ξ3/2δ2l
}
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with
Fφ =
y√
2
φ0 + ϕ
Ω
, F θ =
y√
2
θ
Ω
, (91)
as follows from (15).
Finally, the gauge interactions are
m2A = g
2G
∣∣∣
bg
= g2
{
φ20, φ
2
0δ
3
m,
1
ξ
}
g2Ah = g
2G;φ
∣∣∣
bg
= g2
{
φ0, φ0δ
3/2
m ,
δ
3/2
l√
ξ
}
g2A2h =
1
2!
g2G;φφ
∣∣∣
bg
= g2
{
1
2
,
(
1
12φ20ξ
2
− φ20ξ
)
δm, − δ2l
}
g2A2χ =
1
2!
g2G;θθ
∣∣∣
bg
= g2
{
1
2
,
δm
12φ20ξ
2
,
δ3l
2(1 + 6ξ)
}
gAχ∂h = gG
φ
;θ
∣∣∣
bg
= g {1, 1, δl}
gAh∂χ = gG
θ
;φ
∣∣∣
bg
= g {1, 1, − δl}
gAψ¯L,RψL,R = gqL,R (92)
with G,Gφ, Gθ defined in (15). To get the two derivative couplings, we have simply set
∂φ = ∂h and ∂θ = ∂χ. For higher derivative couplings (to be precise: with still one derivative
but more fields, such as gA2h∂χ) we need to go beyond the first terms in these expansions, by
using (19).
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